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Hardness and Tribological Properties of Glass Forming Alloys  
 
“Tribology is the art of applying operational analysis to problems of great 
economic significance” – Bharat Bhushan: Principles and Applications of 
Tribology (1999) 
 
This Chapter reports on research carried out to assess the response of metallic 
glasses to nano- and micro- indentation hardness testing and the deformation 
characteristics associated with those techniques. Further investigation of metallic 
glass deformation response in a tribological contact is evaluated using a scratch tester 
to utilise the multi-pass scratch test for (bulk) metallic glasses, and to investigate the 
development of shear bands during repetitive cycling. Sliding friction, sliding wear 
and microscale abrasive wear characteristics and observations for some of the layers 
and bulk samples created in Chapter 3 are also investigated. 
 
5.1 Introduction 
 The motivation for the work presented in this chapter is threefold. Firstly, 
investigation of mechanical properties of surface layers and the performance of a surface are 
important aspects for potential industrial applications. With a particular emphasis on 
amorphous metallic alloys, the wear properties of these materials is still not fully understood 
[1]. This is primarily due to the fact that, for many years, metallic glasses were only 
(re)producible in thin sections (<100 µm). Even in 1983, Zallen [2] states the only application 
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of metallic glasses is to be transformer cores, given their ferromagnetism, low loss and 
formability as long ribbons. 
 As described in Chapter 3, recent progress has been made in increasing the size of 
bulk metallic glasses, and with the developments in processing techniques for producing thick 
metallic glass layers (also Chapter 3 of this thesis), their application to ‘real-life’ problems 
may only be round the corner. In 1984 Miyoshi and Buckley [3] actually proposed that 
amorphous alloys may be applicable as coatings for dry (i.e. unlubricated) bearings for use in 
space! Suffice to say, for more than 35 years, amorphous alloys have been of interest, not only 
for fundamental studies, but also for potential applications. While amorphous alloys have been 
exploited in niche markets, their potential lies in a much wider market.  
Secondly, as already highlighted in Chapter 4, deformation of metallic glasses has 
come under increasing interest in recent years, driven by a desire to better understand the 
formation of shear bands. A number of test methods have been utilised in order to develop 
shear bands in a controlled manner with most progress probably being found in instrumented 
indentation and other compression testing methods [4,5,6]. A significant example of such 
progress is that, under continuous loading conditions, serrated flow associated with shear band 
formation is characterised by ‘pop-ins’ or steps in load-displacement curves for particular 
materials, at relatively low strain rates [4,7] (see also Figure 5.6).  
To this end, a further part of the motivation for the work described in this chapter is 
to study the formation of shear bands in metallic glasses in a new manner. In this instance, the 
scratch test is the chosen test method for deformation and laser remelted surface layers 
provide the amorphous material. In Chapter 3, laser remelting has already been shown to be an 
excellent method of fabricating thick (>250 µm) surface layers [8] and the glass forming 
composition chosen was Cu47Ti33Zr11Ni6Sn2Si1 [9].  
The scratch test has long been used to analyse thin coatings and surfaces in terms of 
coating-substrate adhesion, friction properties and even as a model test for abrasive wear [10]. 
The methodology  of the test itself is straightforward, and by varying load, pass number, pass 
direction and scratch speed it is proposed that it will be possible to determine shear band 
characteristics associated with those variables.  
 During scratch testing, one of the outputs is sliding friction [11], which itself is a 
more complex phenomenon than the classic laws of friction may suggest. These state that, 
firstly, friction is proportional to the applied load (this proportionality is known as the friction 
coefficient), secondly friction is not dependant upon the apparent applied area (Coulomb’s 
law) and thirdly kinetic friction is not dependant upon the sliding velocity. In multi-pass 
scratch testing, the ploughing component has been shown to decrease in passes subsequent to 
the first [12], thus leading to a reduction in friction on these passes also. Published data on 
multi-pass scratch testing concentrates on the failure of deposited thin films. In this chapter, 
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we address the multi-pass scratch test for (bulk) metallic glass investigations, and investigate 
the development of shear bands during repetitive scratching. 
 Furthermore, in order to assess the tribological performance of a surface, and to 
replicate the many forms of wear, different ‘bench’ wear test methods exist. Two of the most 
common wear mechanisms are sliding (adhesive) wear and (2- or 3-body) abrasive wear. For 
the latter case, Rabinowicz [13]
 
proposed a simple model to describe a wear situation. It is, 
however, quite clear that wear experiences are complex situations, most certainly due to the 
fact that wear is not an intrinsic material property. As such, wear circumstances are often, 
quite wrongly, simplified mathematically. For example, Archard states that higher material 
hardness is the only contributing factor to improved wear resistance, and presents the Archard 
adhesive wear law, shown in equation 5.1, which also defines the dimensionless wear 
coefficient, K. [14]  
   Q = K(W/H)      (5.1)  
Where, Q is the total volume removed per sliding distance, which is proportional to the 
applied load, W, and inversely proportional to the hardness of the wearing surface, H. The 
Archard wear law is a generalised, if not idealised, portrayal of wear behaviour, but equation 
5.1 has generally been accepted as the wear equation to model adhesive wear and two- and 
three-body abrasion.  
 Although Archard’s wear law for sliding adhesive wear provides a potentially 
valuable means of quantifying the severity of wear, via the wear coefficient K, it must be 
remembered that its validity does not necessarily imply any particular mechanism of material 
removal. The law attempts to categorise wear in a simple, unambiguous, fashion.  
 Fundamentally, the law makes far too many assumptions, with little or no foundation. 
An example of this can be identified when considering hardness. The law concerns itself with 
the notion that hardness is the key to good wear resistance, but the model does not accept that 
there may be changes in the hardness during sliding, perhaps due to work hardening or indeed 
heating effects. Of course, the former depends if hardness includes work-hardening; for metals 
in principle it does, however, as will be discussed more fully in Chapter 6, there can be a 
considerable difference in the hardness under sliding compared to under conventional 
indentation loading. The emphasis put upon hardness by the Archard model and the 
significance of extreme hardness is naïve. Figure 5.1 clearly indicates that hardness (with the 
exception of diamond), has no systematic bearing on the materials’ wear rates. Indeed, the 
materials that exhibit superior wear resistance (by virtue of wear rate constant of around 10-15 
m2/N) are filled PTFE and filled thermoplastics, with hardness values of the order 102 MPa; 
bronzes with hardness values around 103 MPa and silica, which is around 104 MPa in 
hardness. Admittedly, it can be seen that materials of a given class, such as metals, tend to lie 
along a downward sloping diagonal across the figure, reflecting that low wear rate is 
associated with increased hardness, but this is markedly different to the assumption that wear 
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resistance necessitates tremendous high hardness. In essence, elastic materials and elastic 
behaviour are not accounted for by the Archard wear model. This is clearly incorrect since 
materials such as rubber can exhibit excellent wear resistance [15,16,17].
  
 
Figure 5.1: Wear rate – hardness chart for various materials [15] 
  
 Another feature of wear, not recognised by the Archard wear law, is the change of 
chemical compositions, and the formation of oxides, at the contact interface which can have 
adverse, or positive effects on the wear rate of a material. It is well known that wear rates in 
air are often lower than in a vacuum. The presence of an oxide film reduces the tendency for 
adhesive welding of the asperity contacts, but decohesion of this oxide is a form of wear. 
Slow-growing, highly adherent, oxide films are therefore desirable, but this is not always the 
case and can often be unpredictable, but the Archard wear law does not acknowledge this. 
Similarly, diffusion effects associated with/between counterface materials are not accepted 
into the law [16,17].  
 Oberle [18] recognised as early as 1951 that high hardness should not be accepted as 
a sole means of minimising (abrasive) wear problems, although his report has been widely 
ignored until more recent times. He reported that wear of engineering material is closely 
linked to the elastic limit of strain of the material. A practical measure of this was reported to 
be the Modell factor, being a relationship between the hardness and elastic modulus of the 
wearing material. This has now been recognised and H/E values are becoming more 
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commonplace as defining material properties [19], and, as such, such values will be derived 
for coatings under investigation in the coming pages. 
 
5.2 Experimental Procedures 
 Samples were prepared as discussed in Chapter 3 and ground and polished following 
the directions for sample preparation in Chapter 3 (section 3.2).  
 
5.2.1 Micro- and nano- indentation hardness 
 Hardness, as a material property, is very difficult to define since it depends on how it 
is measured. Indentation tests are very commonly used and so the hardness so obtained is 
often called the “indentation hardness” to distinguish it from other methods that might 
employ, say, a scratch technique [Chapter 6]. Micro- and nano-indentation test methodologies 
are undoubtedly the most frequently quoted values and essentially characterise a material’s 
resistance to permanent, plastic deformation. In simple terms, the indenting counter-body 
consists of a hard tip of known geometry, which is depressed into a material and a hardness 
value is given by measuring the dimensions of the resulting indentation.  
 
Figure 5.2: Schematic representation of: top: cross-section of Vickers indenter and the two 
stages of indentation (loading and unloading) and bottom: the relationship between the 
residual indent and Vickers hardness (Hv).  
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 For the micro-scale hardness examinations conducted on a CSM Revetester 
(Switzerland) at loads between 200 g and 1 kg, with a Vickers indenter, the relation between 
indenter geometry, loading and unloading is depicted in Figure 5.2, together with the 
relationship between the residual indent size and Vickers Hardness, Hv.  
 Vickers hardness testing is a micro-scale technique, but a method exists to determine 
hardness on a smaller scale, known as nanoindentation testing, which is already a fairly 
mature technique and while introductory as well as in-depth analysis of the technique can be 
found elsewhere [20,21,22,23,24,25], a brief overview of the apparatus and physical 
considerations will be given here. Standard nano-indentation uses the recorded depth of 
penetration of an indenter into the specimen along with the measured applied load to 
determine the area of contact and hence the hardness of the test specimen. Many other 
mechanical properties can also be obtained from the experimental load-displacement curve, 
the most straight-forward being the elastic modulus. Other properties, such as the strain-
hardening index [20], fracture toughness [26], yield strength [27] and residual stress [28] can 
also be obtained using this instrument. The nano-indentation investigations in this thesis were 
conducted on MTS Nanoindenter XP with Continuous Stiffness Measurement and Lateral 
Force Measurement (CSM and LFM) control using a Berkovich indenter.  
 The three-sided Berkovich indenter is the most popular geometry for nanoindentation 
testing. The face half-angle of a Berkovich indenter used for nanoindentation work is 65.27° ≈ 
65.3°. This gives the same projected area to depth ratio as the more commonly used four-sided 
Vickers indenter (face angle 68°) used in microhardness testing. It is important to distinguish 
between the projected area of the impression and the actual area of the impression. The 
projected area is that which is observed when looking face-on to a residual impression in a 
specimen surface at normal incidence to the surface without regard to the actual sloping sides 
of the impression. The actual contact area is that which does take into account the sloped sides 
of the impression. Initially, one might expect that it would be more correct to always work 
with the actual surface area of the residual impression and this is indeed what the standard 
Vickers hardness number is based upon. However, the indentation load, divided by this actual 
area does not have a real physical significance other than it has been found to provide a useful 
measure of hardness in an engineering context. However, when one divides the indenter load 
by the projected area of the impression, one obtains the mean contact pressure, which is a 
useful physical quantity. 
 During loading, it is important to understand also that there is a transition from purely 
elastic contact to an elastic-plastic contact, even for a Berkovich indenter. The relative 
contribution of the elastic portion to the shape of the overall load-displacement curve depends 
upon the indenter tip radius and the yield strength of the specimen. Essentially: the sharper the 
tip is, the smaller the contribution of the initial elastic response. For an initial elastic contact, 
the mean contact pressure increases with increasing load. At the condition of a fully-
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developed plastic zone, the mean contact pressure levels off to a constant value with 
increasing load and this value of mean contact pressure is called the hardness.  
 Usually, the tip radius of a new Berkovich indenter is in the order of 50-150 nm with 
an error of approximately 50% in the estimation. Due to the finite radius of the indenter tip, it 
is necessary to employ contact mechanics equations appropriate to a spherical indenter for the 
initial part of the loading/unloading cycle, and equations for an equivalent conical indenter for 
the higher loading and unloading portions. Once the penetration depth becomes larger than the 
tip radius, the pyramidal shape of the indenter becomes the dominant geometrical feature of 
the indentation. The contact then usually involves an appreciable amount of plastic 
deformation within the specimen. The data taken on the unloading is used to determine the 
area of contact at the maximum load in this case and this is done by using equations of contact 
for a conical indenter where we mathematically transform the actual pyramidal geometry into 
an equivalent cone. That is, we find a cone angle that gives the same area-to depth ratio as the 
actual pyramidal indenter. The analysis described above uses the contact stiffness as 
calculated from the unloading curve and thus the hardness and elastic modulus are only 
obtained at the maximum indentation load and depth. By superimposing a small sinusoidal 
oscillation to the force signal, however, the contact stiffness may be measured continuously 
during loading and unloading. This is referred to as continuous stiffness measurement (CSM) 
and a further excellent review article for this method is [29]. 
 All nanoindenation tests in this chapter were conducted using CSM mode and were 
limited to maximum depths of: 200 nm, 500 nm, 1000 nm and 1500 nm. The target strains 
may also be pre-set and two target strain rates were chosen. Primarily, a low rate of 0.02 s-1 
was used, but a rate of 2 s-1 is also reported. A predefined maximum load of 20 mN is used 
and all reported hardness values are an average of at least 15 indentations.  
 
5.2.2 Scratch Testing 
 Scratch testing, parallel to the laser remelting or suction casting direction for the 
metallic glass layers and bulk samples, was conducted on the CSM Revetester described for 
microscale indentation in section 5.2.1, however in this instance, a 200 µm radius diamond 
Rockwell tip is used. The loads and test speeds used in the scratch testing are determined by 
progressive loading experiments, which determine the load levels that induce a particular kind 
of deformation during sliding. In this instance, the formation of shear bands is sought as a 
means of defining suitable test conditions (see also Figure 5.9). Confocal optical microscopy 
and tapping-mode AFM (Digital Instruments Dimension 3100 Atomic Force Microscope) 
were again implemented in the characterisation of the scratch grooves to analyse the shear 
band height and spacings. A MATLAB code was written and implemented to calculate height-




5.2.3 Dry sliding wear 
 Although the investigation of amorphous metallic alloys and their properties is 
interesting from a fundamental viewpoint, and the techniques outlined thus far have focussed 
on deformation characteristics, valorisation is something of a buzzword for applied research 
currently. Surface treatment techniques should therefore offer some significant economic 
and/or performance benefits. (See also Chapter 3). 
 The theory of wear is quite complicated and may manifest itself in many ways. 
Depending on, amongst others, the nature of the counteracting bodies, the surrounding 
environment, and the applied contact pressure, one or more of the following plasticity 
dominated wear mechanisms will usually operate: adhesive wear, abrasive wear, or surface 
contact fatigue. At high sliding velocities, oxidation or even melting may play a role. Many 
excellent books on tribology are available for reference including [30,31,32,33,34]. Dry 
sliding wear is a common problem, and can incorporate both adhesive and abrasive wear 
mechanisms. It is also a relatively simple to test in a laboratory environment. In this section, 
the coatings and bulk samples prepared in Chapter 3 are investigated using such a test as 
shown schematically in Figure 5.3.  
 
Figure 5.3 Schematic representation of the pin-on-disk dry sliding wear test. A steel disk is 
rotated at a prescribed speed and the tangential force is registered so the friction coefficient 
may be recorded. The wear rate may be calculated from the wear volume lost by the tested 
part (the “pin” in this figure) given negligible wear of the counter-piece steel disk. 
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The tribo-testing is conducted on a CSM HT (High Temperature) Tribometer. The 
technique is commonly referred to as pin-on-disk. The test piece can either take the role of pin 
or disk. In all cases for these investigations, the sample is a pin of dimensions (length x 
breadth x height) 2 mm x 4 mm x 3 mm  or 4 mm x 4 mm x 3 mm. The counter-piece is a 
hardened (63Rc) 100Cr6 steel disk in all cases. The pin is mounted in a stiff lever, designed as 
a frictionless force transducer and since the sample is always in contact with a sliding face, 
resultant frictional forces acting between the pin and the disk, measured by very small 
deflections of the lever. Wear coefficients may be calculated from the resultant material 
volume loss during sliding and normalised for sliding distance and load to give wear rate 
values with dimensions and magnitude (for a wear resistant material) ~ 10-6 mm3/Nm. The 
effect on these rates of variances in contact stress, wear test speed and counterface roughness 
were investigated during wear testing. The test speeds were 10 cm/s, 20 cm/s or 50cm/s, will 
be noted where appropriate. Loads of 5, 10 and 15 N are used and the resultant contact 
pressures for those loads are given as appropriate. Confocal optical microscopy (µSurf 
Nanofocus Messtechnik) and SEM was additionally implemented in the characterization of the 
worn surfaces. 
 
5.2.4 3-body Microscale Abrasive Wear Testing 
The micro-scale abrasion test has recently become a commonly used tool to measure 
the wear resistance and thickness of thin hard coatings. The test method results in a wear 
crater of a well-defined geometry which allows the accurate determination of wear from the 
optical measurement of the diameter of the wear scar (typically 1 mm to 3 mm). This is 
particularly advantageous for determining the wear of highly abrasion resistant surfaces, 
which experience very small mass changes during conventional abrasive wear testing, such as 
the rubber wheel abrasion test. Although its development as a tribological test is relatively 
new (in the last 15 years), the method is well established for measuring coating thickness, for 
which the procedure was standardised in 1985 as ASTM E1182-87 [35]. 
 The test procedure entails a series of progressive tests, to form a sequence of wear 
craters, or scars. Initially, in accordance with the NPL report compiled by Gee [35, 36], the 
sample is ultrasonically cleaned in acetone for 15 minutes, followed by an acetone rinse. Once 
the sample, typically 25 mm x 50 mm x 1 mm in size, is secured in place, and the motor speed 
correctly configured, the slurry drip feed is started. A hardened steel (100Cr6) ball is rotated 
about an axis perpendicular to, and pressed against, a coated sample in the presence of a pool 
of slurry of small abrasive particles. The abrasive slurry, which is a suspension of 1200 grade 
SiC particles in distilled water, is maintained and replenished at the contact region by the slow 
drop feed. The system set-up is shown in Figure 5.4A and schematically in Figure 5.4B. 
 After a pre-determined number of revolutions, a wear scar or crater is formed in the 
test sample which has the shape of the counterbody, (spherical). The wear scar volume, V, can 
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be completely characterised by the radius of the sphere R and the wear scar diameter, b for b 





4π=       (5.2) 
 This procedure is repeated at intervals of 200, 400, 600 and 900 revolutions. In 
between these intervals, the test piece is removed, ultrasonically cleaned, and rinsed as before. 
Once this sequence has been completed, the wear scars are measured using an SEM, and the 
results recorded. A summary of the test conditions is shown in Table 5.1. 
 
Table 5.1: Test parameters for the micro-scale abrasion test [37] 
Test parameter Value 
Ball diameter (mm) 25.4 
Relative sliding speed (ms-1) 0.05 
Normal load on sample (N) 0.25 
Slurry Aqueous suspension of silicon carbide 
Abrasive size (µm) 4 
Abrasive concentration (%) 20 
 
 When the wear scar volumes are then plotted as a function of sliding distance (S) x 
load (N) = (S.N), the gradient of the curve provides the wear coefficient value. 
 
 






5.3 Results and Discussions 
5.3.1 Hardness and scratch observations  
 The hardness results are summarized in Table 5.2, together with their H/E 
relationship [19,38]. All samples were investigated by micro and/or nano indentation to reveal 
information about the hardness attainable by the various processing routes. Given the complex 
structure and large differences in grain sizes within the crystalline sample, it was decided that 
nanoindentation was not a suitable test method for this sample. Likewise, given that the 
thickness of the ribbon was only 20-30 µm, it was deemed unsuitable to subject this sample to 
micro-hardness testing.  
 The results show that there is a variation between the samples, however this was not 
so significant, indicating that the processing route does not radically affect the amorphous 
nature (at least in terms of medium to long range order) of the samples. A Poisson’s ratio of 
0.25 was assumed for the samples in the calculation of the Young’s Modulus.  
 The fact that the nanoindentation result for the arc-cast plate is higher at the edge 
than at the middle can be attributed to the fact the edges were in direct contact with the mould 
wall, and therefore experience differing (much faster) cooling conditions than for the bulk of 
the sample. For the time being we shall only consider the middle (bulk) values of the arc cast 
plates, which is valid since all samples that were wear tested were cut from the centre of the 
plates. 
Table 5.2: Hardness, Elastic Modulus and H/E values for Cu47Ti33Zr11Ni6Sn2Si1 samples 
produced by the various denoted processing routes  
(* hardness values in Vickers, load = 200 g) 
Processing Route Hardness Young's Modulus  
  H (GPa) E (GPa) H/E 
As-cast precursor * 650 ± 15 Hv0.2 
Melt-spun ribbon 14.9 171 0.087 
Arc-cast Plate (1 mm) edge 14.1 174.2 0.081 
middle 13.35 167.9 0.079 
* 750 ± 20 Hv0.2   
Laser remelted single track 12.4 153.4 0.081 
* 785 ± 15 Hv0.2 
 
It is interesting to see that while there is a spread of data as regards hardness and 
Young’s modulus across the three samples, the laser remelted track and arc-cast plate share 
similar H/E values, whilst the melt-spun ribbon bears a markedly higher H/E value. These are, 
in turn, widely different to the results obtained for the crystalline material, which is in the 
region of 18% lower than the amorphous layer. This is in accordance with previous studies on 
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the comparative hardness and elastic modulus of crystalline and amorphous materials [39]. 
Any slight deviation from this expected difference can be accounted for in the fact that the 
matrix of the crystalline material has a very fine eutectic structure, which is reflected in the 
ease with which it forms an amorphous matrix as stated previously. 
Problems do occur however when overlapping tracks are administered instead of 
single, or adjacent tracks; particularly in the overlapping region where some recrystallization 
is allowed to occur. As an example, Cu47Ti33Zr11Ni6Sn2Si1 formed a 10-20 µm dendritic 
interlayer upon overlapping. The hardness values for the amorphous remelted layer and this 
dendritic interlayer were found to be 785 Hv0.2 and 745 Hv0.2 respectively, so whilst the 
difference is not great, it is a factor which may cause problems in an industrial application, for 
example in tribological contacts.  
Both micro- and nano- indentation testing in all samples were seen to induce the 
formation of shear bands, which are indicative of amorphicity, since the stress induced by the 
indentation cannot be dissipated in grain boundaries. This leads to one limitation of metallic 
glasses in their lack of plasticity [40] often induced through thin, sheet-like volumes in which 
very large strains can be concentrated, leading to the formation of shear bands. Figure 5.5A 
shows how these bands form in the amorphous regions of the laser remelted 
Cu47Ti33Zr11Ni6Sn2Si1 alloy under indentation (left) and a scratch edge (right). The hardness in 
the amorphous matrix layer was recorded at around 650 Hv0.2, with the retained crystals of 
course playing a role in this value. This indicates that the layer provides a (functional) gradient 
between the amorphous layer and the substrate.  
 
Figure 5.5: (A) Vickers indent with the resultant shear band formation visible in an 
amorphous laser remelted layer, adjacent to shear bands formed during scratch testing. (B) 
a typical scratch curve revealing material friction coefficient response to the applied load 
over a 2 mm scratch length. The increase in friction coefficient is a consequence of 
increased adhesion due to material smearing. 
 
The samples were also subjected to scratch testing against a Rockwell C 200 µm 
radius diamond stylus and while a more in-depth analysis of scratch testing of metallic glasses 
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follows in section 5.3.2, a typical result for an increasing load from 20-30 N is shown in 
Figure 5.5B. The results show that the layers are capable of very low friction coefficients (µ < 
0.1) for single pass testing so long as severe plastic deformation is not initiated in the scratch 
contact. The critical value for this behaviour was found to be 28 N for Cu47Ti33Zr11Ni6Sn2Si1 
alloy fabricated by laser remelting. At this value (as is seen in Fig. 5.5B), the adhesion 
component of the friction coefficient suddenly increases with material smearing. In Figure 
5.5A, a single Vickers hardness indent is seen adjacent to a scratch edge, as stated previously. 
The formation of shear bands is clear to see in both cases. 
 
5.3.1.1 Shear band formation under indentation 
 In order to elaborate on the formation of shear bands under loading, load-
displacement curves for nano-indentation testing for the different processing conditions are 
shown in Figure 5.6. As mentioned in section 5.1, the occurrence of pop-ins, characteristic of 
the development of shear bands under loading, can be seen clearly for low strain rate (0.02 s-1) 
indentations during CSM measurements. At these rates, the equipment is capable of 
identifying these small bursts or serrations (average burst displacement in the insert of Figure 
5.6 = 8 nm). If a higher strain rate is applied (2 s-1), these serrations are not seen (Figure 5.6). 
The serrations are thought to be correlated with the motion of individual shear bands through 
the specimen(s) and each serration contributes a small increment of plastic strain to the 
macroscopic stress-strain curve [41]. With respect to the loading and strain-rate dependence, 
Schuh and Nieh [4] suggest that the change in plastic flow between a low rate and a high rate 
is governed by ability of the shear band to accommodate the applied strain. If the strain rate is 
low, a shear band would have sufficient time to adapt to the applied strain, leading to the 
distinct bursts in the load-displacement curves. In contrast, if the applied strain exceeds the 
rate of relaxation of a single shear band, multiple bands can be activated simultaneously, 




Figure 5.6: Characteristic load-displacement curves for Cu47Ti33Zr11Ni6Sn2Si1 metallic glass 
produced by melt-spinning (dotted line), arc-casting (dash-dot line) and laser remelting 
(solid line) revealing “pop-ins” during low-strain loading (strain rate target = 0.02 s-1). The 
symbolized solid line represents high-strain loading (HL) of (strain rate target = 2 s-1). The 
insert features 4 pop-in activities from a detailed portion of the corresponding dotted 
loading curve. 
  
 In Chapter 4, we considered the temperature rise involved in the formation of shear 
bands under tensile loading and the volume in which that heat is dissipated to the area 
surrounding the shear band [42], and conclude that there is a temperature rise associated with 
adiabatic heating inside the shear band. A second mechanism suggests that during plastic 
deformation, the viscosity with shear bands falls due to the formation of excess free volume, 
which in turn causes local softening of the glass, and thus serrated flow may occur under 
applied strain. Kim et al [43] and Liu and Chen [44] propose that in order to clarify which 
mechanism dominates the plastic flow, it is necessary to consider the possible rise in 
temperature inside a shear band only, using an estimate by Eshelby and Pratt [45] (equation 
5.3).  








∆∆ =       (5.3) 
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 Where, σ is the shear yield strength, k and cp are the thermal conductivity and 
volumetric specific heat capacity of the metallic glass respectively. γ  is the shear strain rate 
inside the band and h and ∆γb are the band thickness and the total shear strain inside the band 
respectively.  For Zr-based BMGs they (Liu and Chen) found that this temperature rise was 
negligible, relative to the glass transition temperature, and therefore conclude under (low 
strain rate) nano-indentation, the significant governing mechanism of the plastic deformation 
is a strain-induced free volume increase. For the Cu47Ti33Zr11Ni6Sn2Si1 shown here, σ = 1 
GPa, k = 4 Jm-1s-1K-1, cp = 5.5 x 106 Jm-3K-1, and γ is estimated to be 103 s-1 [43]. The shear 
band thickness, h, taken as an average from different experimental techniques, is considered to 
be 15 nm [46]. The strain increment in the band can be measured from the load-displacement 
curve (Figure 5.6) if it is considered that the strain originates only from the serrated 
displacement and for the melt-spun ribbon, this average displacement burst, ∆h is 8 nm. 
Assuming that the plastic deformation proceeds mainly along the direction of the thickness of 
the band, the strain ∆γb (=∆h/h) can be equated to 0.53. Using this data, a temperature rise of 
0.07 oC intimates the same conclusion as for [43,44] that the plastic flow during indentation is 
caused by changes in viscosity associated with the free volume inside the shear band. 
 With reference to equation 4.2, we propose that when large shear displacements 
occur, this macroscopic model is most applicable, however, when shear displacements are 
small, as is the case under indentation, the rate at which the loading occurs becomes more 
important and the microscopic model based on local mobility (equation 5.3) is more 
appropriate. The reason for this is twofold. ∆T in equation 4.2 (replicated here as equation 5.4) 
shares a linear dependence with Q (equation 5.4), which is proportional to the shear 
displacement (i.e. increase in δ = increase in ∆T). Therefore, since shear displacements under 
(nano)indentation are < 20 nm, while the shear displacements discussed in Chapter 4 are > 2 
µm, it is no surprise that the temperature rises under indentation are small and thus this 
observation supports the adiabatic heat release model presented in Chapter 4. Secondly, when 
δ is small, the physical attributes of the shear band are confined within the band, and therefore 
















   (5.4) 
  δβσ yQ =       (5.5) 
 
5.3.1.2 Amorphous matrix material 
When scratch testing is performed on samples exhibiting crystals embedded in an 
amorphous matrix, the amorphous material is seen to accommodate plastic deformation in 
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shear bands as would be expected, while the crystalline phase (here it is a Ti-rich dendritic 
phase), responds in several interesting ways. Figure 5.7 shows a network of shear bands in the 
amorphous phase resulting from the scratch test. When the crystals are found to be exposed to 
the counterface, the crystalline phase is found to be ductile and in some cases adheres to the 
diamond stylus.  
 
Figure 5.7: SEM micrographs revealing the effect of a crystalline phase on shear band 
propagation through an amorphous phase with respect to scratch direction: (A) provides a 
plan- overview of a shear band network and ductile smearing, and (B) a detailed view of 
shear band retardation (R) or deflection (D) in the crystalline phase from the area 
highlighted by the dashed box in (A). 
 
This in turn promotes high local stresses and material smearing, as highlighted in 
Figure 5.7A. The shear bands are generally seen to follow a ‘random’ path, however they are 
either retarded (highlighted as R’s in Figure 5.7B) or deflected to follow a shear plane in the 
crystalline phase (highlighted as D’s in Figure 5.7B).  
This observation is important for the design of amorphous layers and indicates that 
amorphous matrix layers may be more favourable than solely amorphous layers, although the 
relative size, proportions and distributions of these constituent phases should also be 
considered [17].  Such a constituent layer was seen in the laser cladding and remelting layers 
and they too exhibit very high hardness values. The hardness of the as-clad region was found 
to be slightly lower (670-700 Hv0.2) than the remelted area (850-890 Hv0.2), as expected 
(Figure 5.8A). This is due to the enhanced cooling afforded by the rapid scan speed and 
subsequent refinement of the microstructure. It is also interesting to note, in terms of 
functionally grading, not only a coating, but also the coating-substrate system, that the 
hardness of titanium substrate was significantly increased after treatment to a depth of over 
200 microns beyond the clad layer. The hardness in this area was 425 Hv0.2, whilst the 
hardness of the substrate 1 mm away from the clad layer was only 300 Hv0.2. The increased 
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‘remelt depth’ and heat effects on the titanium substrate are a direct consequence of the poor 
thermal conductivity of titanium.  
  
Figure 5.8: (A) Cross-sectional hardness profile of a laser clad and remelted layer of  
Cu47Ti33Zr11Ni6Sn2Si1 composition and (B) plan view of a 2N Vickers indent from the centre 
of that layer revealing shear banding within the matrix. 
  
 Again, the indentation method appears to induce shear band formation (Figure 5.8B), 
which supports the TEM observations of Chapter 3. The scratch test results for this coating 
were also highly promising as the results showed the layers to exhibit a friction coefficient of 
only 0.035 at 20 N loads and 2 mm/min scratch speed. This is even less than the pure 
amorphous layers and no shear banding was induced. This of course may be a result of the 
slightly higher hardness of the laser clad and remelted layers, which leads to a shallower 
indent, which in turn reduces the ploughing component of the friction coefficient. 
 
5.3.2 Scratch deformation and friction  
 The scratch test is commonly associated with surface analysis as a method by which 
thin film-substrate adhesion is measured; however, it also permits the recovery of a significant 
amount of information more, such as acoustic emission, friction forces and scratch hardness 
which will be discussed in Chapter 6. 
In tribological contacts, it is often desirable to reduce friction between two contact 
surfaces. With the scratch test, it is possible to evaluate the friction properties for a given 
contact regime. In the presented chosen regime that contact involves a 200 µm radius diamond 
ball being indented into, and slid across, a surface at a given normal load and scratch speed. 
The method of applying this load may be varied incrementally or progressively, or applied 





5.3.2.1 Progressive Loading 
The progressive load scratch test results (Figure 5.9) revealed that the friction of 
metallic glasses obeys classic laws, and increases with increasing load linearly, until unstable 
deformation occurs, at which point the friction rises significantly and fluctuates until the entire 
contact is governed by material smearing (high adhesion). At loads below this severe 
deformation, the friction coefficient of the laser treated layers is extremely low (0.03-0.04 for 
single pass tests between 7 and 20 Newton loads). It is, however, also evident that at loads 
below 5 N, the contact is not stable enough to return consistent results and the friction 
coefficient is therefore seen to fluctuate until a stable contact is developed (Figure 5.9).  
 
 
Figure 5.9: Scratch output curve revealing the effect of progressive loading on the friction 
coefficient between 0.4 and 40 N over a displacement of 2 mm for laser remelted amorphous 
alloy Cu47Ti33Zr11Ni6Sn2Si1. The figures A-E correspond with those areas along the plan-
view of the scratch identified in the curve for (A) onset of shear banding, (B) stable shear 
band forming region, (C) onset of unstable deformation, (D) apparent material smearing 
and (E) the end of the scratch. 
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The progressive single pass test also provided an easy method of determining the 
load required to develop surface-visible shear bands (~10 N), and the point at which this shear 
band development transforms into unstable deformation and consequently material smearing 
(~28 N). The inserted figures A-E in Figure 5.9 attempt to highlight these areas more clearly. 
Insert A shows the initiation of surface-visible shear bands in the scratch base, insert B reveals 
this shear band formation to be stable. Insert C indicates the transition to material smearing 
within the contact, which is accompanied by higher friction (0.12); insert D exhibits a second, 
relatively stable regime, in which the friction rises linearly before extensive edge shear band 
formation occurs (seen in insert E), leading to a second rise in the friction coefficient to 0.15.  
Fully crystalline samples of the same composition have been tested in progressive and 
constant loading and the friction resolved is of the order of 0.7 at 18N loads. The crystalline 
state of the material tested consisted of a eutectic matrix, with needles and dendrites therein. 
Thus, it was far from an equiaxed grain structure, but crystalline nonetheless. The material 
was found to be smeared through the scratch, leading to a high adhesion in the contact, which 
lead to the high friction coefficient. Multi-pass testing was not deemed necessary in these 
samples since material transfer to the diamond stylus and subsequent increased material 
smearing radically altered the loading in repeated scratches. 
 
5.3.2.2 Varying Scratch Speed 
In accordance with classical friction laws, amorphous metals are seen not to be 
significantly affected by varying speed with respect to changes in friction coefficient [47]. 
This is shown in Figure 5.10A. Confocal microscopy confirmed that the track depth and width 
are also not adversely affected by scratch speed over the prescribed test range (Figure 5.10B). 
However, the height of the pile-up region seems to be increasing with increasing scratch 
speed. Some contrast was seen in the base of the scratch, which took the form of apparent 
shear banding in all samples under optical microscopy investigations. Confocal microscopy 





Figure 5.10: (A) Graph showing the average friction coefficient and its standard deviation 
vs. scratch speed, with (B) showing the scratch profiles for the differing speeds. Both graphs 
are for laser remelted amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1. 
 
5.3.2.3 Multi-pass scratch testing 
Given that the scratch speed plays no significant role in the friction coefficient value, 
an arbitrary value of 5 mm/min was chosen for the multi-pass scratch testing and the load was 
chosen to be 18 N. This value was discerned from the progressive load tests (Figure 5.9), as 
this load was found to be beyond that necessary to initiate shear banding in the track base, but 
below that which induces shear-banding within the pile-up region. The friction results for an 
increasing pass number are shown in Figure 5.11, together with analysis by confocal 
microscopy conducted on the multi-pass samples, which determined the track width and 
depth. The spread in the width and depth data that is not seen in the friction data is a purely 
statistical spread. The results for the friction were recorded simultaneously and plotted as 
such, leading to a ‘true representation’ over one series of passes. The width and depth data is 
taken from individual tracks subjected to 1, 2, 4, 5, 7 and 10 passes, since the technique was 
not available to measure the track depth and width ‘in-situ’. The fit and trend is still 




Figure 5.11: Graph revealing the dependence of scratch width (triangles), track depth 
(squares) and average friction (diamonds) on the pass number for laser remelted 
amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1. 
 
These results reveal a decay with increasing pass numbers for the friction coefficient, 
which was found to continue for up to 300 pass numbers, while the depth and width data 
somewhat mirrors this behaviour. This observation is complimentary to similar experiments 
conducted on thin films; however, of course in the current investigation, no ‘failure of the 
coating’ (by spalling for example) can occur as would be seen by thin deposited coatings.  It is 
now generally accepted that the friction coefficient (µ = FT/FN), where FT is the tangential 
force and FN is the normal (applied) force, is made up of two components, an adhesion 
component µa (related to the interfacial friction coefficient, µs) and a ploughing component µp. 
It follows that this reduction in friction coefficient may be attributed to two factors. In our 
case, the ploughing component of friction is reduced with increasing pass numbers in a non-
linear manner and the contact area is also reduced; which would also lead to a reduction in the 
adhesion component. An interesting phenomenon develops in metallic glasses during scratch 
testing however, which may be, in part at least, contributory towards the reduction in friction 
coefficient and this is a surface roughening of the scratch base, induced through the 
development of shear bands.  
The scratches themselves may be observed macroscopically with confocal 
microscopy and Figure 5.12 shows a typical result; here the 3-D image is of the centre of a 
scratch attained at 5 mm/min sliding speed, with a load of 18 N after 10 repeated passes. Shear 
bands developed in the groove created by the motion of the indenter are not visible with 
confocal microscopy, but steps created by shear band development within the pile-up are 




Figure 5.12: 3-D confocal micrograph taken at the mid-point of a scratch, which was 
subjected to 10 scratch repetitions with the parameters scratch speed = 5 mm/min, normal 
load = 18 N for laser remelted amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1. Note that the 
formation of shear bands at the scratch edge is visible. 
 
The confocal microscopy method of surface profiling, however, is not powerful 
enough to resolve the fluctuations involved with shear band formation on the scale developed 
during scratch testing for single pass and low pass numbers (< 20 passes). AFM is however 
able to do this and it has therefore been utilised in tapping mode to characterise the 
topography of the scratch and to analyse the height and distribution of the scratch surface in 
the direction of the scratch test. It can be seen in Figure 5.13 that the formation of shear bands 
on the side of the scratch groove can be clearly identified by AFM. The average height of a 
shear band formed under single-pass conditions at 25 N load and 1 mm/min speed is 5-10 nm 
and the angle of the shear band formation with respect to the scratch direction is found to be 
approximately 45o, however some deviation from an exact “straight line” was seen, as seen in 





             
Figure 5.13: (A) 80 µm x 80 µm AFM image for a laser remelted track submitted to 10 
scratch passes; (B) 20 µm x 20 µm AFM image for a 1 mm/min single pass scratch test 
clearly showing shear band formation, with respect to the scratch direction (white arrow) 
and (C) the levelled profile along the line perpendicular to the shear bands in(B) for laser 
remelted amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1. 
 
5.3.2.4 Shear band identification with the height-height correlation function 
For increasing pass numbers, it was observed that the profile of a scratch base was 
significantly changed. This is shown in Figure 5.14, where the selected profiles along the sides 
of the scratch grooves of samples tested at 1, 5 and 10 passes are shown. In order to attain a 
better understanding of this change it was considered appropriate to approach the surface 
roughness observations using height-height correlations as the investigative tool. An 
understanding of the height-height correlation function is assumed in this chapter, but a fuller 
explanation of the method may be found elsewhere [48]. The height-height correlation 
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function, H(r), is given by equation (5.6) for an isotropic, self-affine surface where L is the 
whole measured length with the profile h(x) along that length.  







)()(1)( ∫− −+=><    (5.6) 
Using this method enables the acquisition of several, independent, parameters, namely α 
(roughness (or Hurst) exponent - the gradient of the graph = 2α) and this essentially gives an 
indication of the correlation, w (RMS roughness) and ξ (the lateral correlation length). As a 
cautionary note, it should be realised that three important assumptions were made during this 
investigation; firstly that the method of investigation was done as for an isotropic surface and 
secondly that that implies a self-affine surface [48] and thirdly that any change in surface 
roughness is attributed to the formation and development of shear bands. A surface subjected 
to scratch testing, which in turn induces shear bands is clearly an anisotropic surface. 
However, given that the data analysed was only done in the so-called ‘fast scan’ direction (the 
X-direction in the AFM images) it is reasonable to assume the surface in this case as being 
isotropic since this relates to the scratch direction and the shear-band density/formation over a 
given range in this, which is expected to be isotropic. This was confirmed by fitting a Fourier 
transform over the profile. 
 
Figure 5.14: AFM scratch profiles for 1, 5 and 10 passes revealing clear differences 
between profiles of the 3 tests in the scratch directions for laser remelted amorphous alloy 
Cu47Ti33Zr11Ni6Sn2Si1. 
 The height-height correlation itself was calculated in the area of interest, determined 
from the AFM images; the surface height data were exported and read into a simple MATLAB 
code and fed into the mathematical code for analysis by equation 5.4 [48]. The data was 
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levelled by removing the parabolic and linear component of the profile along the scan 
direction, which was calculated by fitting the profile to a 2nd order polynomial equation. 
When this method is applied to varying scratch speed (Figure 5.15) (it is reasonable 
to relate this to varying strain rate, which is cited as being very important in shear band 
development) [4,49] one sees a characteristic slope, 2α,  for linear behaviour at low 
displacements. The RMS roughness, w, characterised by the saturation value H(r) = 2w2 for 
displacements larger than the correlation length, ξ appears to reduce with increasing strain 
rate. The correlation length, ξ, also decreases with increasing strain rate. The correlation 
length, ξ, is defined as the intersection of the lines associated with 2α and 2w2 (if they are 
extrapolated to meet each other – see Figure 5.16). This may be expected, and shows that 
faster strain leads to a denser shear banding characteristic. The value ξ is found to reduce from 
0.6 for 1 mm/min scratch speeds down to 0.38 for 20 mm/min scratch speeds.  
 
Figure 5.15: Graph revealing the height-height correlation function of single pass scratch 
tests conducted at differing scratch speeds for laser remelted amorphous alloy 
Cu47Ti33Zr11Ni6Sn2Si1. 
 
Figure 5.16 attempts to highlight the important results in height-height correlation 
function analysis. The height-height correlation of surfaces subjected to varying pass numbers 
exhibits two regimes. The graph itself shows data obtained from AFM measurements for a 
polished surface, a 1 pass scratch and a scratch subjected to 30 passes. The final RMS 
roughness is found to be very similar (around 7.2 nm for 30 passes and 6.7 nm for 1 pass). As 
can be seen in Figure 5.16, the curve for 30 passes exhibits 2 different gradients before 
saturation is achieved, whereas the as-polished surface and the 1 pass sample only exhibit 1 
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gradient (and therefore one value for α). For those samples having two gradients, it is the 
intersection of the second gradient with the 2w2 line that is considered to be important. The 
first gradient, α1 is found to be characteristic of the development of initial shear banding on a 
small correlation length, whilst a second gradient, purporting to larger length scales, is 
classified here as α2.  
When the increase in α1 is considered, a relationship is seen which, after an initial 
reduction with respect to the polished surface, is around 0.35 for up to 10 passes, but which 
then increases for pass numbers larger than this to a value of around 0.65. This is then found 
to be constant, for up to 100 passes, signalling an increase which somewhat mirrors the 
behaviour seen in the reduction in friction coefficient, in that after some time a steady state is 
reached. The second gradient, α2 was found to begin after 5 passes and reveals an initially 
linear increase, between 0.184 for 5 passes, up to 0.3 for 20-30 passes, which then, plateaus 
for pass numbers longer than 20-30 at this value of around 0.3. This mirrors somewhat the 
trend seen in the friction coefficient. 
 
Figure 5.16: Graph showing height-height correlation functions for varying numbers of 
passes conducted at 5 mm/min scratch speed for laser remelted amorphous alloy 
Cu47Ti33Zr11Ni6Sn2Si1. The important aspects of the height-height correlation function are 
also shown in these curves. One sees a characteristic slope, 2α,  for linear behaviour at low 
displacements. The RMS roughness, w, is characterised by the saturation value H(r) = 2w2 
for displacements larger than the correlation length, ξ.. Please see the text for a fuller 
explanation of the height-height correlation function and the meaning of other terms. 
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The correlation length was also seen to follow an interesting trend in that it also 
reached a plateau for pass numbers greater than 5. This typical value of ξ2 was found to be 2 
µm, which relates to the inter-shear spacing (defined here as the distance between the end of 
one shear band and the start of the next in the X-direction) of shear band development (Figure 
5.13C). For lower numbers of scratches, the correlation length was found to be 0.5-0.6 and 
may be related to the initiation of shear banding as it correlates with the ξ1 values found for 
single pass scratch tests subjected to varying scratch speed. This is a very interesting result, 
and implies that the development of shear bands may contribute (albeit not necessarily 
proportionally) to the reduction in friction. This is to say that the reduction in friction 
coefficient is positively affected by the development of shear bands (N.B. not the roughness 
developed by the shear bands). In fact, the extremely low friction coefficient seen in the 
current investigation may be attributed to the shear band formation in metallic glasses, which 
in turn facilitates slip within the material, and a low interfacial friction coefficient, which, as 
stated previously, is a governing factor in the adhesion component of friction.  
 
5.3.2.5 High value pass numbers 
When the number of passes is increased, the same trend in the reduction of the 
friction coefficient is seen (Figure 5.17). The data shown here is for 100 passes and is again 
exponential in appearance. At around 70 passes, the friction coefficient becomes apparently 
stable, or saturated, which implies that the contact becomes ‘optimum’. Even with further 
passes, there is little change in the friction (after 300 passes, the average friction coefficient 
was still only 0.027), however to aid clarity the associated data is not shown here.  
 
Figure 5.17: Friction coefficient as a function of pass numbers for 100 passes for laser 
remelted amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1. 
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It was also found that the growth of the shear bands becomes increasingly prevalent 
and can even be measured by confocal microscopy analysis (Figure 5.18A and 5.18A) and 
seen with SEM (Figure 5.19A). Figure 5.18A highlights the difficulty of analysing the 
development of shear bands for low numbers of passes (in Figure 5.18A this is 10 passes). 
However, for larger pass numbers (100 and 300), the shear band growth (in height) is clearly 
seen. At this scale, the shear band height raises from 5-10 nm for low pass numbers, up to 60-
70 nm. A second very interesting observation is that the frequency (density) of the shear bands 
does not increase, which implies that the development of shear bands is localised and remains 
so through repetitive scratching, with only an increased amplitude. This, in accordance with 
results from the height-height correlation data and AFM analysis, was undertaken to confirm 
the more ‘local’ density of the shear banding, and indeed confirmed the observation seen 
through confocal microscopy. A possible explanation for this is the fact that no work-
hardening occurs in amorphous materials. Therefore, once a shear band has been produced, the 
material in it is softer than the original amorphous material. The displacement between these 
shear bands may then be governed by the indenter tip geometry, which affects the stress field. 
This is of course consistent during dynamic testing in terms of repetition, and therefore these 







Figure 5.18:  (A) Confocal microscopy profiles for 10, 100 and 300 passes in the scratch 
direction for laser remelted amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1, with (B) revealing the 
perpendicular track width and depth dependence on the number of passes. 
 
Figure 5.18B reveals the change in scratch geometry with increasing pass numbers. 
Considering the earlier fact that the friction reached a ‘steady state’ even though the width and 
depth continue to increase, and the error, or fluctuation in the friction showed a steady 
increase, the indication is that while the magnitude of the ‘macroscopic’ ploughing component 
continues to decrease, the increased surface roughness induced through the formation of the 
shear bands counter-balances this on a ‘micro- or nano-scale’. Therefore, whilst the formation 
of shear bands is beneficial in the reduction of the friction coefficient, their own development 
hinders further reductions in the friction coefficient.  
 Pile-up induced through repetitive scratch testing appears, at first sight, to be 
radically increased at larger pass numbers. An interesting observation is seen as regards the 
‘real’ appearance of the pile up. At low pass numbers the pile up is seen to take the form of a 
shear band, and is maintained as part of the sample, which ‘rises’ with increasing pass 
numbers. Figure 5.19A shows the difference in scratch appearance with increasing pass 
numbers. The scratch direction is shown in the figure and areas of shear banding are 
highlighted in the three scratches. After 100 passes the shear bands are found to somewhat 
aggregate and further scratch passes ‘push’ the material out of the scratch, which then forms a 
lip. A clearer appreciation of this development is shown in Figures 5.19B-D. The fact that a lip 
is formed however is important in the analysis since the depth and width data reported 
incorporates the pile-up at the edge of the track. This is valid where the pile-up is in direct 
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contact with the deformed material and a direct result of shear banding. The formation of lips 
which are not in contact with the scratch itself cannot be considered representative of the shear 
banding in the same way and varies wildly depending on the chosen area of investigation. In 
this instance, it is better to define the depth and width with respect to the original surface. The 









Figure 5.19: SEM micrographs revealing (A)  comparison of the track appearance after 30, 
100 and 300 passes, with higher magnification micrographs showing the development of 
edge pile-up for (B) 30 passes, (C) 100 passes and (D) 300 passes. The scratch and shear 
band directions for (B,C,D) are shown in (B) for laser remelted amorphous alloy 
Cu47Ti33Zr11Ni6Sn2Si1. 
 
Rather remarkably, the easiest identification of the scratch base after 300 passes was 
retrieved from the optical microscope of the scratch tester. Figure 5.20 clearly shows how the 
shear bands develop in three separate regions, identified as ‘shear zones’. The zones 1 and 3 in 
the figure at the top and bottom of the track (effectively the scratch ‘sides’) reveal shear bands 
formed at approximately 45o to the scratch direction (the axis of maximum shear stress), as 
expected for amorphous materials. However, along the base of the scratch the shear banding 
appears to form perpendicular to the scratch direction in a 30 µm band. The lip formation at 
the track edge is also visible and there appears to be a characteristic spacing between 
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deformation within this lip of around 20-30 µm, which may be related to cracking or a 
consequence of the initial shear band formation and its continued growth. 
 
Figure 5.20: Light microscopy micrograph from the centre of a laser remelted track 
subjected to 300 repetitive scratches exhibiting edge lip formation, and 3 'shear zones' along 
the scratch base for laser remelted amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1. 
 
5.3.3 Sliding Wear Observations:  
5.3.3.1 Effect of Counterface Roughness on sliding wear behaviour of metallic glasses 
Given the observations surrounding the different processing routes and their effect on 
the material characterization, it was predicted that there may be differing responses to wear, 
given recent developments in specific criteria for good wear resistance of glassy metal systems 
[38]. A second prediction was also considered by altering the roughness of the counterface. By 
considering the equation for determining the so-called plasticity index (eq. 5.5) [50], which 
assumes surface geometry and topography to be the determining factors in the amount of 
plastic deformation (thereby neglecting load), it may be possible to predict the effect of 
counterface roughness on the deformation process of tribological contacts. The expression for 
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In (eq. 5.6), ν is the Poisson ratio and E is the elastic modulus of the contact surfaces (denoted 
by the subscripts 1 and 2). σ represents the standard deviation of the asperity height 
distribution and β is the radius of the asperity tips in equation 5.5. Bearing this in mind, it is 
clear to see that an increase in the σ will lead to an increase in ψ. Given that the following 
bounds hold true for equation 5.5, 
ψ > 1 Î significant plastic flow 
0.6 < ψ < 1 Î mixed elastic/plastic conditions 
ψ < 0.6 Î plastic flow unlikely 
then it is clear that the asperity distribution of an unpolished surface therefore leads to an 
increased probability of plastic deformation compared to the polished surface. One may 
therefore predict an unpolished counterface, or rougher surface, to lead to higher amounts of 
plastic deformation, which, in the instance of glassy metals, is exhibited in the formation of 
shear bands.  
 
Table 5.3: Important sliding wear test parameters and results for GFA 
Cu47Ti33Zr11Ni6Sn2Si1 processed by various means as stipulated in the left column  
(all test speeds = 10 cm/s) 
Sample Type and Contact Friction Wear rate 
Processing  Stress (MPa) Coeff. (-) (x10-6 mm3/Nm) 
100Cr6 Ball 4.3 0.55 1.64 
Crystalline (As-cast button) 3.5 0.75 2.54 
Ribbon 2.1 0.5->0.7 2.39 
1 mm Arc Cast Plate 5 0.5 2.02 
Single Laser Track  (initial) 4.8 0.5->0.7 2.13 
Single Laser Track (final) 4.8 0.7->0.9 1.43 
Laser Remelted Coating 3.2 0.5->0.7 3.08 
  
 All samples were subjected to several different load and speed conditions in the wear 
testing and some results are summarized in Table 5.3, with the wear rate calculated according 
to the well-known Archard wear equation (eq. 5.1) for sliding contacts, discussed previously, 
with the wear volume proportional to the normal load and sliding distance. Wear and friction 
curves for the crystalline, 1 mm thick plate and laser remelted coatings are seen in Figure 5.21 




Figure 5.21: Friction and wear curves for (A) crystalline (B) arc-cast plate and (C) laser 
remelted Cu47Ti33Zr11Ni6Sn2Si1 alloy. The wear characteristics are described fully in the 
chapter text. 
 
 It is clear that the amorphous material in plate form has a characteristically lower 
friction coefficient (0.5) than the crystalline material (0.7), while the amorphous layer 
produced by high power laser has a friction coefficient in the mid-range of these two (0.6), 
with the baseline being comparable to that of the amorphous plate, and the upper fluctuation 
level being slightly lower than that of the crystalline material [51]. This is easily explained due 
to the microstructural mismatch caused due to the overlapping areas, which induce narrow 
recrystallization bands between a pre-remelted layer and the new, overlapping layer. Some 
samples exhibited a steady increase in friction (identified in table 2 by the ‘->’ symbol). This 
was found to correlate with those samples whose amorphous/crystalline ratio decreased during 
the wear test, with higher friction resulting from crystalline/crystalline contacts than for 
amorphous/crystalline contacts. The single track laser remelted tracks were found to have 
higher fluctuations in friction coefficient and this may is explained schematically in Figure 
5.22. As the single track sample wears away, the percentage crystalline contact increases, 
while the amorphous overlap coating may be cut to the same size, and yet only has crystalline 
contact areas in the track-overlap areas. The wear values for the three samples are similar; 
however the crystalline sample was tested against a polished disk (Ra ~ 8 nm), and the other 





Figure 5.22: Schematic representations of (A) a single track wear contact and (B) 
overlapping wear tracks where the dashed lines represent a possible level of material 
removal reached after some wear period for laser remelted amorphous alloy 
Cu47Ti33Zr11Ni6Sn2Si1. 
 
The crystalline material has good wear properties and this is not surprising since it 
consists of a very fine eutectic matrix and well bound needles and dendrites, which do not 
break free from the matrix easily. The results attained for the amorphous samples are similar 
to work by Fu et al. [52] in that exceptional wear properties for amorphous materials have not 
been conclusively proved for dry sliding wear conditions; however, under rolling contact 
conditions, the wear resistance of Zr-based BMG has been found to be almost twice as high as 
for steel rollers [53]. The wear properties of the layers are also encouraging, with wear 
performance seen to be comparable to the 100Cr6 steel in agreement with [1,54] and of the 
same order as some MMC layers tested under boundary lubrication conditions [55]. For the 
fully amorphous materials (ribbons and plates), an increase in speed was seen to lead to a 
decrease in wear rate, which can be attributed to the faster formation of shear bands, and 
possible higher density thereof, thus distributing the local high contact stress areas more 
evenly over the wear surface. Figure 5.23A reveals the vein-like structure synonymous with 
such shear band formation on the worn surface of the 1 mm arc-cast plate. The ‘inverse’ 
picture (Figure 5.23B) provides proof that the features are not cracks, but indeed shear bands, 
indicated by the height fluctuation (light areas on the left appear shadowed on the right when 
the sample is inverted with respect to the electron detector). It is noteworthy that these shear 
bands form at (more-or-less) 90o to the wear direction, and have an inter-shear band spacing of 





Figure 5.23: (A) SEM micrograph of shear bands formation in Cu47Ti33Zr11Ni6Sn2Si1 alloy 
1 mm plate due to sliding wear, (B) sample rotated 180o  (wear test speed =  10 cm/s; contact 




The earlier prediction that the counterface roughness may play an important role in 
the deformation of amorphous materials under tribological contact has been shown to hold 
true for rough (Ra = 300 nm) surfaces. For polished (Ra = 8 nm) counterface surfaces, no shear 
band formation was seen. Figure 5.24 shows a confocal photorealistic micrograph for an 
amorphous ribbon subjected to a contact stress of 2.1 MPa at a test speed of 20 cm/s against a 
polished disc. The surface appearance is one of ‘conventional’ hill and groove type wear and 
no shear banding is seen. Similar results were found for all amorphous samples tested against 
finely polished counterfaces. 
 
Figure 5.24: Confocal micrograph in photorealistic mode showing the appearance of a 
Cu47Ti33Zr11Ni6Sn2Si1 alloy ribbon after a wear test against a polished disc – note no shear 
bands are formed 
 
Where shear band formation was found, the height of the shear band steps was found 
by confocal microscopy to be 0.3-0.6 µm (Figure 5.23C). The fact that these shear bands form 
confirms the very high local stresses present, since the yield point of bulk metallic glasses is of 
the order of 1000 MPa, yet the calculated contact stress over the worn surface was only around 
3 MPa.  
Figure 5.25B highlights an interesting finding in the wear behaviour of Cu47Ti33Zr-
11Ni6Sn2Si1 alloy 1 mm plate, as it reveals debris build-up behind the shear bands (with respect 
to the wear direction). This can be seen schematically in Figure 5.25C. The debris has two 
characteristic sizes: ~20 µm size flake shaped particles and ~ 750 nm size rounded powders. 
When the shear band asperities begin to break down, the nano-scale debris collected and 
compacted by oxidative adhesion behind the shear bands, comes back into contact with the 
counter-disk and break down again takes place. Elemental mapping revealed oxide islands 
were formed during the wear tests by high local stresses leading to elevated temperatures, 
which promote oxidation. The debris also revealed high levels of oxidation, which indicates 
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that the material removal mechanism is driven by oxidative wear, in accordance with [21]. No 




Figure 5.25  (A) SEM micrograph revealing local oxidation (dark spots) and debris pile up 
behind the shear bands formed perpendicular to the wear direction for laser remelted 
amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1 shown in (B). The wear test speed = 20 cm/s; 
contact stress = 5 MPa. This phenomena is revealed schematically in (C).  
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The laser remelted layer tested at a contact stress of 3.2 MPa and 10 cm/s sliding 
speed revealed a rather interesting feature in that the shear band formation was not seen 
perpendicular to the sliding direction as for the plate, but instead, perpendicular to the laser 
treatment direction. The inter-shear band spacing was again in the order of 20 µm, with the 
height again being of the order of 0.3-0.6 µm. This was revealed by both SEM and confocal 
microscopy (Figure 5.26).  
 
Figure 5.26: Confocal Optical Microscopy image revealing shear band formation at 45◦ to 
the wear direction, but perpendicular to the laser processing direction for laser remelted 
amorphous alloy Cu47Ti33Zr11Ni6Sn2Si1. 
 
These shear bands also appear to be only present within the ‘bulk’ of the laser track 
and the directionality of them is very important for several reasons. The first implication is 
that the shear band formation occurs due to internal stresses within the laser-remelted track, 
which must be greater than the applied stress field, since the treated layer is positioned at 45o 
to the applied load, and this is coincident with the position of maximum shear stress. 
Secondly, this may pose a limitation for the coating if, in practical application, the orientation 
of a laser treated sample, with respect to its working direction, is so important. A benefit of 
this however, is that the wear debris cannot accumulate behind the shear bands, but can 
instead be removed continuously. Given that the size of the final wear debris is very small 
(sub-micron), it was not seen to change the wear mechanism by becoming third bodies in the 
wear contact, which is a limitation of crystalline coatings when they begin to break-down. An 
area attributed as being related to the overlapping region of ~150 µm is found to be shear band 
free, which indicates (as expected) that the overlapping regions are not (fully) amorphous. 
Furthermore, confocal microscopy for this area revealed the shear band-containing area to be 
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higher than the shear band-free area. The implication here is that the area pertaining to the 
shear band formation is harder (or at least more wear resistant) than the neighbouring, 
overlapping area. This is in accordance with the indentation findings. 
 
5.3.3.2 NanoSteel GFA Coatings 
 The non-amorphous, coatings produced using GFA powders have also been 
investigated with respect to their tribological performance. A large number of coatings were 
produced at various parameters as discussed in Chapter 3. Three of those differing 
coatings/microstructures with sample identifications, MTA, MTD, and MTE (see section 
3.3.2.3 – Chapter 3) are shown in Figures 5.27 A,B and C respectively. They were chosen for 
sliding wear investigations, similar to those in section 5.3 for amorphous layers, although here, 
all counterpart 100Cr6 disks were polished to ra < 100 nm . In line with the analysis of the 
fully amorphous coatings, micro-hardness profiles are given for the 3 coatings in Figure 
5.27D. It can be seen that there is a reduction in dendrite spacing size, according 
MTA>MTD>MTE, but, rather surprisingly, there is not such a significant difference in 
hardness between coatings MTA and MTD (both around 800 Hv0.2). The double layer coating, 
MTE has a significantly higher hardness (around 1000 Hv0.2). As stated in Chapter 3, this 
second layer was deposited with the same processing parameters as MTD, but due to a smaller 
amount of steel dilution (i.e. all dilution comes from the first-deposited layer), the composition 
is closer to that of ‘pure NanoSteel’, and hence forms the nano-crystalline (~400 nm) coating 








Figure 5.27: Scanning electron micrographs revealing microstructural overviews for 3 
NanoSteel coatings in: (A) mixed-mode SEM for coating ‘A’ =MTA   (B) BSE-mode SEM 
for coating ‘D ’ = MTD and (C) BSE-mode SEM for coating ‘E ’= MTE with hardness 
profiles for all three shown in (D) 
  
 According to the Archard wear equation, the coatings MTA and MTD should exhibit 
the same wear rates. If we view Figure 5.28A, which shows wear volume and friction 
coefficient vs. sliding distance for the three samples tested at 15N load and 10 cm/s sliding 
speed, it is evident that this is not the case, since coating A exhibits a higher wear rate. The 
friction coefficient of ‘MTA’ is higher than that of ‘MTD’ also. The wear rates of these 
coatings are, however, quite remarkable. As a comparative measure, we see that the sliding 
wear resistance of the amorphous layers is around 2 x 10-6 mm3/Nm, while under similar loads 






Figure 5.28: (A) Smoothed sliding wear and friction curves for Coatings MTA [A], MTD 
[D] and MTE [E] at 1.7 MPa contact stress and 10 cm.s-1 sliding speed. (B) reveals 
smoothed  high-speed (50 cm.s-1) wear and friction curves for Coating MTE.  
WR refers to the specific wear coefficient for a given coating.  
 
 Even more remarkable still is the wear behaviour of the double layer coating when 
subjected to high sliding speeds (50 cm/s). As can be seen in Figure 5.28B, this coating was 
able to withstand 10 km of unlubricated sliding wear testing without seizure at a wear rate of 
only 3 x 10-8 mm3/Nm, which is comparable to Sprayed Tungsten Carbide/Cobalt, Sprayed 
Chrome Oxide, PVD TiN and just greater than that of lubricated hardened steel [56]. This 
reduced wear rate is mirrored by a reduced, and incredibly stable, friction coefficient of 0.7. 
 If the wear surfaces are examined by SEM, one of the most interesting features can 
be seen for coating ‘D’. This coating reveals a micro (or even nano) scale wear mechanism 
within the dendrites. This phenomenon appears to be independent of wear direction (Figure 
5.29). Since the orientation of the shear is related to the dendrite and not the wear direction, 
this wear mechanism is closely related to slip between martensitic plates (and ferrite) [57]. 
This is supported by the OIM and TEM microscopy presented in Chapter 3, section 3.3.2.3 
(Figures 3.21 and 3.25) which reveals fine plate-like volumes in the dendritic phase, which, 
when mapped by OIM as martensite, indicates that, as described more fully in Chapter 3, the 





Figure 5.29: Mixed mode SEM micrograph revealing micro-wear mechanisms in the 
dendritic phase of the ‘D’ coating tested at 1.7 MPa, 10 cm.s-1 after 1800 m. 
 
 This observation is supported by the fact that no discernable preferential wear of the 
constituent phases was found, and therefore equal proportions of the phases were always in 
contact with the counterface. This plastic micro-wear mechanism observation may indicate, 
however, that the shear modulus/Young’s modulus of the dendritic martensitic phase is lower 
than that of the austenitic phase. Unfortunately, as the interdendritic phase is only of the order 
of a few hundred nanometers, it is not possible to conduct meaningful nanoindentation 
experiments in order to discern the difference in the moduli of the two phases. Average 
nanoindentation values taken from the top 150 µm of the coatings to a penetration depth of 
500 nm are shown in Table 5.4. 
 The reduced wear rate and friction coefficient for coating MTE at high sliding speed 
is extremely encouraging. Despite the coating being cracked after processing, this was not 
found to be detrimental to the wear behaviour (Figure 5.30 A), since no large macroscopic 
material spallation was found to occur. The debris which formed was sub-micron in size and 
heavily oxidised and, as can be seen in Figure 5.30 B, forms a layer on the coating surface 
during sliding in places, and therefore may be a contributory factor in the reduced friction 
coefficient. In further accordance with the concepts for good wear resistance outline 
previously, it is no surprise to fine coating MTE having the best wear resistance, as it also 
offers the highest H/E ratio.  
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Table 5.4: Hardness (H), Elastic Modulus (E) and H/E ratios for 3 NanoSteel Coatings 
(MTA,MTD,MTE) 
 H (GPa) E (GPa) H/E 
Coating MTA 11.0 250 0.044 
Coating MTD 11.5 248 0.046 
Coating MTE 14.2 274 0.052 
 
   
 
 
Figure 5.30: Wear observations for high-speed sliding wear of coating MTE: (A) reveals 
debris collection in pre-existing pores and also behind pre-existing cracks, (B) shows the 
thick oxide layer formed during high-speed sliding.  
 
5.3.4 Microscale Abrasive Wear 
 Given the exceptional sliding wear performance of the NanoSteel coatings, 
microscale abrasive wear tests were performed on a few of the coatings, with a brief overview 
of the results given here. As described in the introduction, abrasive wear may take 2 forms – 
either 2-body, which is aggressive and characterised by surface grooving, or 3-body wear, 
which is ‘milder’ and is characterised by a wear scar featuring many small chips, or dimples. 
A third option exists, where these two abrasive wear forms co-exist. In microscale abrasion 
testing, it is possible to vary the concentration of the abrasive slurry so that one of the wear 
mechanisms dominates. In this short investigation, we consider only 3 body abrasive wear for 
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the single and double layered coatings studied under sliding wear in section 5.3.3.2. According 
to the procedure outlined in section 5.2.4, the wear rate for all three coatings (to 1 significant 
figure) is 1 x 10-12 m3/Nm. These values compare favourably with the work of Navas et al. 
[58] who performed similar experiments on laser clad and flame sprayed-melted NiCrBSi 
coatings. Wear scar morphologies are shown for coating MTD in Figures 5.32 (A and C) and 
for coating MTE in Figures 5.32 (B and D). No directionality is seen in the wear scars for the 
micro-chipping, which is a characteristic feature of 3-body abrasive wear. 
 
Figure 5.32: BSE micrographs revealing 3-body wear characteristics for (A and C) Coating 
MTD and (B and D) Coating MTE after 900 revolutions:  (A) reveals micro-chipping at the 
scar entrance, (B) reveals the same phenomenon at the exit, while (B and D) exhibit dense, 
random-orientation micro-chipping at the centre of both wear scars, resulting in a heavily 
deformed contact area.  
  
 Further significant findings confirm the observation in section 5.3.5.2 that although 
the coatings may contain cracks and/or porosity after processing, this is not detrimental to the 
mechanical performance of the coatings (Figure 5.33A left and right) for the loading 
conditions permissible with the test equipment available. This image allows a direct 
comparison between the wear scar diameter in the double layer, MTE coating and the single 
layer MTA coating. The larger wear scar of MTA signifies a larger wear volume after equal 
test revolutions. Significant material pile-up occurs around the circumferences of the wear 
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scars, as seen under indentation, further confirming that these coating offer minimal work-
hardening and significant ductility. Figure 5.33B displays the profile of a wear scar including 
pile-up around a wear scar for coating MTE after 600 revolutions.  
 
 
Figure 5.33: (A) (left) BSE micrograph of half a wear scar produced at 900 revolutions on 
coating MTE; (right) SEM micrograph of half a wear scar produced at 900 revolutions on 
coating MTE (B) Confocal microscopy profile through a wear scar after 600 revolutions for 





The hardness of amorphous laser-remelted layers has been found to be high (>700 
Hv0.2) and the indentation procedure has been seen to induce shear band formation, which is 
characterised by ‘pop-ins’ in load-displacement curves. Crystallite additions are seen to act as 
deflectors/retarding obstacles to the shear band propagation. This has been seen to be 
particularly prevalent in the case of scratch testing. Scratch testing has also shown that the 
friction coefficients of amorphous metallic alloys may be as low as 0.05 for single pass scratch 
tests at 20 N.  
 Unidirectional scratch testing in progressive load single pass, varying speed at 
constant load single pass and constant load multi-pass modes has been investigated to develop 
a controlled formation of shear bands. Results reveal that metallic glasses exhibit 
exceptionally low friction coefficients (<0.04 at single pass 20N loads) until material smearing 
dominates the contact induced by high loading (>35 N), at which point the friction rises 
sharply as the adhesion component of the friction coefficient dominates the contact regime. In 
accordance with classical friction laws, no noticeable dependence of the friction coefficient on 
the scratch speeds used was noted. The scratch depth and width follow the same trend under 
these conditions. Application of the height-height correlation function to varying scratch speed 
does, however, reveal that surface roughness (attributed to shear band development), is 
reduced and so too the lateral correlation length (down to 0.38 at 20 mm/min). This implies 
that the increase in scratch speed increases the density of shear-bands, and this related well to 
classical theories as regards the effect of strain rates on inhomogeneous flow in metallic 
glasses.  
An interesting phenomenon was witnessed in the friction coefficient due to multi-
pass sliding contact in metallic glasses, in that it appears to follow an exponential decay with 
increasing pass numbers, which reduces to an average value of 0.027 for large pass numbers. 
The scratch track depth and width both mirror this behaviour, implying that the friction 
coefficient is somewhat dependant upon the ploughing component. The scratch base was 
analysed with AFM and a change in scratch profile appearance was seen. This was attributed 
to the development of shear bands in the scratch and, in order to analyse this, the surface 
roughness was characterised by the height-height correlation function. Analysis of the 
roughness exponent, α, revealed one stage at low pass numbers, and two stages at higher pass 
numbers. This was mirrored by the behaviour of the lateral correlation length, ξ, which 
increased to a plateau of 2 µm, which is the shear band inter-spacing. Since no increase in 
these attributes was seen with increased pass numbers, this shows that the densification of 
shear bands is independent of the numbers of passes for pass numbers greater than 10, but that 
the increase in shear band height is dependant on the number of cycles.  
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Larger pass numbers confirm these observations and reveal that the amorphous layer 
remained ‘intact’ for over 300 passes. No catastrophic failure or material smearing was seen 
during testing, and this was mirrored in a remarkably low coefficient of friction even after 300 
passes. The scratch surface after such a number of passes is shown to develop three ‘shear 
zones’. These form on the scratch sides and in the base. The first two reveal ‘conventional’ 
shear band development with surface steps at approximately 45º to the scratch direction, 
whilst the latter shear band development steps are seen to be perpendicular to the scratch 
direction. 
An interesting development was also witnessed with respect to the edge pile-up. This 
was seen to begin with an appearance akin to shear band formation. These shear bands are 
then found to be ‘pushed’ away from the scratch with increasing pass numbers to such a point 
that they aggregate and form a uniform edge. With increasing pass numbers, this transforms to 
a lip formation, which is no longer in direct association with the material surface. This lip is 
then found to crack upon release of the stresses built up during its formation. 
The wear properties of the layers are also encouraging, with wear performance seen 
to be comparable to hardened 100Cr6 steel, and of the same order as some MMC layers tested 
under boundary lubrication conditions. The performance is however, still somewhat limited by 
shear band formation and internal stresses, and therefore the expectations of excellent wear 
resistance have not been proven under dry sliding wear conditions. It is interesting to find that 
the scale of the debris formed during wear testing of amorphous metals is sub-micron in size. 
The debris has been found to compact behind shear bands if the shear bands form 
perpendicular to the wear direction, but is removed if the shear bands form at an angle to the 
wear direction.  
Laser-clad coatings of gas-atomized glass forming alloy powders (NanoSteel) may be 
applied to mild steel substrates, with radical improvements attainable in both sliding 
(adhesive) and abrasive (3-body) wear compared to the substrate material. So much so in fact 
that for double-layer coatings, unlubricated sliding wear rates approach those of lubricated 
hardened steel. The mechanism for this is found to be the growth of thick oxide layers 
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